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Virtual simulator for the generation of
patho-physiological foetal ECGs during the
prenatal period
R. Martinek✉, M. Kelnar, P. Vojcinak, P. Koudelka,
J. Vanus, P. Bilik, P. Janku, H. Nazeran and J. ZidekELECTThe design, implementation, and veriﬁcation of a signal simulator for
the generation of patho-physiological records of foetal electrocardio-
grams (fECGs) during the prenatal period are brieﬂy reported. The
simulator enables users to model the patho-physiological changes
that occur within the foetus’ myocardium under hypoxic conditions
(hypoxemia, hypoxia, asphyxia, etc.) during the 20th to 42nd week
of pregnancy. The simulator deploys a dynamic fECG model including
an actual fECG record taken from clinical practice, patho-physiological
cardiotocography (CTG), and ST-analysis (STAN) records along with
the ratio of T waves to the QRS complex; as well as clinical recommen-
dations by FIGO (International Federation of Gynecology and
Obstetrics) for classifying these records. By comparing synthesised
and real patho-physiological CTG and STAN records, the functionality
of the simulator, which effectively captured signiﬁcant indicators of the
foetus’ condition during the prenatal period including fECG mor-
phology, dynamic fECG characteristics, and others is evaluated and
validated. The simulator enables users to test both current and emer-
ging approaches in a very challenging area of gynaecology, namely
the identiﬁcation/classiﬁcation of hypoxic conditions in the foetus
during labour. Obstetricians can also use the simulator as a reference
tool during the evaluation of suspect fECG abnormalities.Introduction: The unavailability of a database for physiological and
pathological foetal electrocardiogram (fECG) records limits the
current research focused on identifying and classifying hypoxic con-
ditions in the foetus [1–5]. Pathological cardiotocography (CTG) and
fECG records are the key source of information used to develop a
system that automatically classiﬁes the vitality of the foetal heart.
However, obtaining fECG records from the clinical practice (CP) is
still very difﬁcult [5]. This is particularly true in threatening foetal con-
ditions such as asphyxia during which the obstetrician has to intervene
and perform an operative pregnancy termination [1, 2, 5].
This Letter focuses on the modern methods used to model hypoxic
conditions that threaten the proper development of a foetus and reduce
the chance of having an easy birth without any complications. It
builds upon a fundamental knowledge of the anatomy, physiology,
and pathology of the foetal heart during the perinatal period [3–5].
Using this knowledge, the simulator models and reconstructs fECG
signals that allow the user to deﬁne characteristics such as amplitudes
and duration of P and T waves as well as the QRS complex; the
foetal heart rate (FHR); ratio of T waves to the QRS complex (T/
QRS); and to choose settings such as tachycardia, bradycardia, accelera-
tion, and deceleration. Furthermore, following the CRC (FIGO
(International Federation of Gynecology and Obstetrics)) [5] for classi-
fying CTG and ST-analysis (STAN) [6] and based on FHR and T/QRS,
the constructed fECG signal allows the user to model symptoms of
hypoxic conditions, which could include the selection of the following:
ST interval pathology, a biphasic ST segment (a negative ST segment
with a predominance over the basal line, a negative ST segment partially
crossing the basal line, depression of the ST segment under the basal
ECG line) or the tendency or the ST segment.
Dynamic fECG model: The fECG dynamic model captures many
important electrocardiographic characteristics of the foetal heart.
Changes in the underlying anatomical structures are manifested as mor-
phological changes in the observed fECGs. Model parameters can be
changed to generate different wave shapes of the fECG signals.
Various types of artefacts and noise can also be incorporated into the
signals. The model is suitable for testing techniques detecting ST
depressions or elevations by decreasing or increasing the position of
the T wave on the Z axis over time.
Equation (1) represents a generalised dynamic model of the foetal
heart dipole d(t) vector, which was prepared for possible incorporation
into software based on the McSharry’s approach [7, 8]
d(t) = x(t) · ex + y(t) · ey + z(t) · ez (1)
This is a valid cardiac vector representation in the Cartesian coordinate
system [7], where ex, ey, and ez show dimensionless unit direction vectorsRONICS LETTERS 22nd October 2015 Vol. 5in a three-dimensional space, respectively, in parallel with the three axes
of the relevant vector cardiogram (Fig. 1). Different ECG leads can be
considered to be the projections of the heart dipole vector d(t), (2),
onto the recording electrode axes in the Cartesian coordinate system.
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Fig. 1 Dynamic fECG model
These leads are therefore synchronised with each other and they have
a quasi-periodic shape. The corresponding dynamical model of the syn-
thetic fECG is as follows (in SI units):
x˙f(t)
fs
= −vf
fs
·
∑N
i=1
(af,x)i
(bf,x)
2
i
· D(uf,x)i
[ ] · exp − D(uf,x)
[ ]2
i
2 · (bf,x)2i
{ }
−xf(t)− Af,x · sin (vf · t) (V)
y˙f(t)
fs
= −vf
fs
·
∑N
i=1
(af,y)i
(bf,y)
2
i
· D(uf,y)i
[ ] · exp − D(uf,y)
[ ]2
i
2 · (bf,y)2i
{ }
−xf(t)− Af,y · sin (vf · t) (V)
z˙f(t)
fs
= −vf
fs
·
∑N
i=1
(af,z)i
(bf,z)
2
i
· D(uf,z)i
[ ] · exp − D(uf,z)
[ ]2
i
2 · (bf,z)2i
{ }
−xf(t)− Af,z · sin (vf · t) (V)
Where Δ(θf,x)i = [θf− (θf,x)i] · mod(2 · π) (rad), Δ(θf,y)i = [θf− (θf,y)i]
·mod(2 · π) (rad), Δ(θf,z)i = [θf− (θf,z)i] ·mod(2 · π) (rad), vf = u˙f ;
2 · p · ff,bb (rad s−1), and fs = 1/Ts (Hz). Accordingly, (2) generates a
circular trajectory rotating with the frequency of foetus’s beat-to-beat
heart rate (in bpm, dimensionally in s−1). Each of the three coordinates
of the dipole vector d(t) (see (1)) are modelled by a summation of
Gaussian functions [7], including the foetus’ voltage amplitudes of
(αf,x)i, (αf,y)i, and (αf,z)i (all in V); the foetus’ angular widths of (βf,x)i,
(βf,y)i, and (βf,z)i (all in rad) located at foetus’ rotational angles of (θf,x)i,
(θf,y)i, and (θf,z)i (all in rad).
The above equations (see (2)) apply for non-zero values of the signals
x(t), y(t), and z(t), while in [8] a primary deﬁnition of the dynamic foetal
ECG system is mentioned when it is true that xf(t) = yf(t) = zf(t)≡ 0 (all
in V) and x(f,0)(t) = y(f,0)(t) = z(f,0)(t)≡ 0 (all in V).
Virtual simulator of fECG: The virtual simulator for the generation of
non-invasive physiological and pathological records of a fECG is
shown in Fig. 2, where dMMfECG represents a dynamic mathematical
fECG model and VP mtx stands for the view point matrix.
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Fig. 2 Simpliﬁed block diagram of fECG simulator
Fig. 3 shows an actual physiological record of CTG and T/QRS from
CP [6] for a 34-year-old G2 P1, gest. week 41 + 5, normal pregnancy.
Fig. 4 shows an actual pathological record of CTG and T/QRS from
CP [6] for a 26-year-old G1 P0, gest. week 41 + 3, normal pregnancy
– 15:31 second biphasic in the event log. Intervention was required.
By physician assessment, decision was made to perform a caesarean
section – emergency caesarean section. Baby girl was born. AS
9,10,10. Birth weight 4410 g.1 No. 22 pp. 1738–1740
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Fig. 3 Real physiological records of CTG and T/QRS from CP
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Fig. 4 Real pathological records of CTG and T/QRS from CP
Fig. 5 shows a physiological record of CTG and T/QRS modelled by
the simulator. Fig. 6 shows a modelled pathological CTG and T/QRS
records. These records demonstrate the possibilities of ﬂexible simu-
lation by merging fECG dynamics with actual CP records.
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Fig. 5 Modelled physiological CTG and T/QRS records
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Fig. 6 Modelled pathological CTG and T/QRS recordsELECTRONICS LETTERS 22nConclusion: The developed virtual simulator enables users to reliably
model the signiﬁcant electrocardiographical pathophysiology of
changes within a foetus’s myocardium during the prenatal period (the
20th to 42nd week of pregnancy). This simulator has the potential to sig-
niﬁcantly improve future research focused on the automatic identiﬁ-
cation and classiﬁcation of CTG and STAN.
The simulator allows clinicians as well as technicians and obstetri-
cians to model dangerous hypoxic conditions that may occur during
the prenatal period without jeopardising the life of the foetus. Such
tools can help practitioners in the ﬁeld to develop the ability to timely
diagnose hypoxic conditions and take effective measures in an efﬁcient
manner to safe the foetus’ life.
Acknowledgments: This work was partially supported by the Science
and Research Fund 2014 of the Moravian-Silesian Region, Czech
Republic and project SGS SP2015/181, VSB – Technical University
of Ostrava, Czech Republic.
This is an open access article published by the IET under the Creative
Commons Attribution License (http://creativecommons.org/licenses/
by/3.0/)
Submitted: 1 July 2015 E-ﬁrst: 9 October 2015
doi: 10.1049/el.2015.2291
One or more of the Figures in this Letter are available in colour online.
R. Martinek, M. Kelnar, P. Vojcinak, P. Koudelka, J. Vanus, P. Bilik
and J. Zidek (Department of Cybernetics and Biomedical Engineering
and Department of Telecommunications, FEI, VSB – Technical
University of Ostrava, 17. listopadu 2172/15, 70833 Ostrava–Poruba,
Czech Republic)
✉ E-mail: radek.martinek@vsb.cz
P. Janku (Department of Obstetrics and Gynecology, Masaryk
University and University Hospital Brno, Jihlavska 20, 62500 Brno,
Czech Republic)
H. Nazeran (Department of Electrical and Computer Engineering,
University of Texas, 500 W University Ave, El Paso, TX 79968, USA)
References
1 Martinek, R., and Zidek, J.: ‘Reﬁning the diagnostic quality of the
abdominal fetal electrocardiogram using the techniques of artiﬁcial intel-
ligence’, Prz. Elektrotech., 2012, 88, pp. 155–160
2 Martinek, R., and Zidek, J.: ‘A system for improving the diagnostic
quality of fetal electrocardiogram’, Prz. Elektrotech., 2012, 88,
pp. 164–173
3 Sameni, R., and Clifford, G.D.: ‘A review of fetal ECG signal proces-
sing; issues and promising directions’, Open Pacing Electrophysiol.
Therapy J., 2010, 3, pp. 4–20
4 Jagannath, D.J., and Selvakumar, A.I.: ‘Issues and research on foetal
electrocardiogram signal elicitation’, Biomed. Signal Process. Control,
2014, 10, pp. 224–244
5 Martinek, R.: ‘The use of complex adaptive methods of signal processing
for reﬁning the diagnostic quality of the abdominal fetal electrocardio-
gram’, PhD dissertation, VSB – Technical University of Ostrava,
Czech Republic, 2014
6 Stancases: Cases tagged fECG, 2015. Available at: http://www.stancases.
com/tags/fecg
7 Sameni, R., Clifford, G.D., Jutten, C., et al..: ‘Multichannel ECG and
noise modeling: application to maternal and fetal ECG signals’,
EURASIP J. Appl. Signal Process., 2007, 1, pp. 94–94
8 Estes, S., Utsey, K., and Kalobwe, E.: ‘Mathematically modeling fetal
electrocardiograms’, J. Undergrad. Res. Univ. Tenn., 2014, 5, pp. 77–85d October 2015 Vol. 51 No. 22 pp. 1738–1740
